Eribulin mesylate (eribulin), an analogue of the marine natural product halichondrin B, is a microtubule-depolymerizing drug that has utility in the treatment of patients with breast cancer. Clinical trial results have demonstrated that eribulin treatment provides a survival advantage to patients with metastatic or locally advanced breast cancer previously treated with an anthracycline and a taxane. Furthermore, a pooled analysis of two pivotal phase III trials has demonstrated that eribulin also improves overall survival in several patient subgroups, including in women with HER2-negative disease and triple-negative breast cancer. This review covers the preclinical research that led to the clinical testing and approval of eribulin, as well as subsequent research that was prompted by distinct and unexpected effects of eribulin in the clinic. Initial studies with halichondrin B demonstrated unique effects on tubulin binding that resulted in distinct microtubule-dependent events and antitumor actions. Consistent with the actions of the natural product, eribulin has potent microtubule-depolymerizing activities and properties that distinguish it from other microtubule-targeting agents.
Introduction
Eribulin mesylate (eribulin) is a novel microtubule-targeting agent (MTA) that is used in the treatment of metastatic breast cancer. The EMBRACE clinical trial showed a survival advantage for pretreated patients with locally recurrent or metastatic breast cancer who were treated with eribulin when compared with treatment of physician's choice (1) . These positive results contributed to the approval of eribulin (Halaven, Eisai Inc.) in the United States in 2010, and in Europe and Japan in 2011. A pooled analysis of the EMBRACE and Study 301 phase III trials has also shown that eribulin improves overall survival in several patient subgroups with advanced/metastatic breast cancer who have previously received an anthracycline and a taxane. Among those who may benefit from eribulin are women with HER2-negative and triple-negative breast cancer (2) .
This review describes the initial interest in the halichondrins as potential anticancer drugs and the preclinical development of eribulin, including initial establishment of the biochemical and cellular mechanisms of its microtubule destabilizing activity. In addition, we describe new in vitro and in vivo studies triggered by unexpected clinical findings that establish a distinct biologic profile of eribulin's effects in both tumor tissue and supporting stroma. Ultimately, this review seeks to highlight the differences in the biologic effects of eribulin in comparison with other MTAs that might contribute to its clinical activities.
From Halichondrin B to Eribulin
Halichondrin B (Fig. 1 ) was isolated in 1986 from the sponge Halichondria okadai based on its cytotoxicity (3) . Halichondrin B was found to have extraordinary cytotoxic potency in vitro and antitumor activity against murine models of solid tumors and leukemia in vivo; however, only low yields of the compound could be obtained (4) . Evaluation of halichondrin B in the NCI-60 cell line panel using the COMPARE algorithm revealed a pattern similar to that of other tubulin-binding agents, suggesting a microtubule-dependent mechanism of action (4). Detailed mechanistic studies showed that halichondrin B inhibited tubulin polymerization and tubulin-dependent guanosine triphosphate hydrolysis in a manner distinct from that of other microtubule destabilizers (4) .
Halichondrin B was found to bind within a region of tubulin designated the "vinca domain," at which drugs such as dolastatin 10 bind and noncompetitively inhibit the binding of vinca alkaloids (4, 5) . The binding properties of halichondrin B were similar to those of dolastatin 10; however, there were notable differences between the compounds, in that halichondrin B caused distinct conformational effects on tubulin (6) .
Halichondrin B was therefore mechanistically interesting, with promising antitumor effects, but its complex structure and the low yield from natural sources severely limited its potential for clinical development. A breakthrough occurred in 1992, when the Kishi laboratory succeeded in the total synthesis of halichondrin B (7) . This allowed the design, synthesis, and evaluation of many analogs of the compound, one of which, eribulin (ER-086526, E7389, NSC-707389), is the subject of this review. The story of how the daunting 63-step chemical synthesis of eribulin was developed and made economically feasible was recently described (8) .
Preclinical Studies on Eribulin

Identification of eribulin as a microtubule-targeting agent
The promising biologic effects of halichondrin B led to the synthesis of over 180 halichondrin B analogs (9, 10) . Optimal preclinical activities were observed for two macrocyclic ketone analogs, and after extensive preclinical testing, the C35 primary amine-substituted compound (eribulin; ref. Fig. 1 ) was selected for clinical development.
Towle and colleagues showed that eribulin had potent antiproliferative effects across a panel of eight human cancer cells lines, with an average half maximal inhibitory concentration (IC 50 ) value of 1.8 nmol/L (11) . The cytotoxic effects of eribulin were selective for proliferating cells, because no cytotoxicity was observed against fully quiescent immortalized human fibroblasts at concentrations up to 1 mmol/L (11) . Similar to other MTAs, eribulin caused cells to accumulate in mitosis with aberrant mitotic spindles leading to apoptosis, suggesting that eribulin, like its parent halichondrin B, was an MTA (11) (12) (13) . In contrast with most other MTAs, the mitotic blockade induced by eribulin was shown to be irreversible; this may be an important feature that enables even transient drug exposure to result in long-term loss of cell viability (13) . The initial direct interaction of eribulin with tubulin was also demonstrated (11) .
On the basis of a combination of experimental and modeling data, it has been proposed that eribulin binds within a pocket underneath the H3 and H11 loops of b-tubulin in a distinct manner from that of other MTAs (14) . Studies with radiolabeled eribulin and soluble tubulin heterodimers demonstrated relatively low affinity (46 mmol/L) and 1:1 binding (15); however, eribulin binds with high affinity (3.5 mmol/L) to polymerized microtubules in vitro, in a concentration-dependent manner reaching an extrapolated maximum of 14.7 molecules per microtubule: this is consistent with the hypothesis that eribulin acts as a microtubule end poison by binding with high affinity to each of the 13 b-tubulin subunits at the plus end of each microtubule protofilament.
Effects of eribulin on microtubule dynamics
Using live traces of single microtubules made from purified bovine tubulin, Jordan and colleagues discovered that eribulin promoted pausing of microtubule growth, and strongly inhibited the growth rate of microtubules (16) . However, unlike vinblastine, eribulin had little to no effect on the microtubule-shortening rate. Similar results were observed in live MCF7 interphase cells expressing GFP-tubulin, in which 1 nmol/L eribulin suppressed microtubule growth with little effect on disassembly, and decreased microtubule dynamicity overall (16) . Eribulin also induced mitotic accumulation with aberrant mitotic spindle dynamics at 1 nmol/L, demonstrating an ability to impact overall microtubule function at this concentration. Together, these results showed that eribulin disrupted microtubule dynamics in a manner somewhat distinct from that of vinblastine (17) . The effects of eribulin on centromere dynamics during mitosis were also evaluated (18) . Live U2OS cells expressing GFP-labeled centromere protein B, a component of the centromere, were used to measure functional microtubule dynamicity during mitosis. Although control cells exhibited centromere dynamics of 0.84 mm/minute, 60 nmol/L eribulin decreased centromere dynamics by 35%. In contrast with other MTAs, eribulin did not affect the mean centromere separation distance, consistent with biochemical results indicating that eribulin disrupts microtubules differently.
Effects of eribulin in murine xenograft models
Eribulin demonstrated a wide spectrum of antitumor activity in human xenograft models of breast cancer, colon cancer, fibrosarcoma, glioblastoma, head and neck cancer, leiomyosarcoma, ovarian cancer, melanoma, pancreatic cancer, non-small cell lung cancer, and small cell lung cancer (11, 19) . In addition, eribulin also had activity in cells from a range of pediatric solid tumors and acute lymphocytic leukemia in vitro and in xenograft models (20) . Collectively, these preclinical studies established eribulin as a promising compound that retained the unique properties of halichondrin B and had excellent preclinical in vivo activity. Importantly, eribulin also had an acceptable toxicity profile and therapeutic window in mice across several dosing schedules.
Clinical Observations and Resulting Studies
The EMBRACE trial compared eribulin with treatment of physician's choice, and showed an overall survival advantage in patients treated with eribulin (1), kindling new research to identify which properties of the drug might contribute to this survival advantage. In addition, although the overall side effect profile was similar between eribulin and the physician's choice arm (which included other tubulin-targeting agents such as vinorelbine and several non-MTA therapies), there were also some differences. This led to further research, as described below.
Peripheral neuropathy
Peripheral neuropathy is a well-documented toxicity of MTAs that can lead to treatment discontinuation or dose reduction. Observations during the clinical evaluation of eribulin indicated that the incidence and severity of peripheral neuropathy might differ between eribulin and other MTAs (21) . These initial observations prompted comparative in vitro studies on the effects of eribulin, ixabepilone, and paclitaxel in mice to determine differences in the effects of these agents on peripheral nerves.
MTA-induced peripheral neuropathy in mice has been measured using behavioral assays and causes altered sensitivity to painful stimuli (22) . These behavioral changes, indicative of peripheral neuropathy, are associated with diminished peripheral nerve conduction velocity, amplitude, and morphology. After defining the individual MTDs in mice, MTAs were tested for their effects on parameters associated with peripheral neuropathy in caudal and digital nerves at fractional doses (0.25, 0.5, 0.75, and 1) of the MTD on a 2-week schedule (23) . Eribulin did not change the nerve conduction velocity of either nerve type, but did increase the caudal nerve amplitude at the MTD and 0.75 MTD. In contrast, at the MTD and 0.75 MTD, ixabepilone and paclitaxel significantly decreased both nerve conduction velocity and amplitude. All three drugs caused dose-dependent pathologies to L4 and L5 dorsal root ganglia and sciatic nerves, including axonal degeneration, cytoplasmic vacuolation, and dark inclusions ( Fig. 2) . Pathologic changes occurred with each drug, but paclitaxel and ixabepilone initiated more severe changes in sciatic nerves than did eribulin. Tissue histology of the sciatic nerve showed that eribulin-induced pathologies were less frequent and less severe than those observed with the other agents. These investigators next studied whether eribulin exacerbated preexisting peripheral neuropathy in mice (24) . Peripheral neuropathy was induced with a 2-week cycle of 0.75 MTD paclitaxel. After a 2-week recovery, the mice were switched to either 0.5 MTD eribulin or 0.5 MTD paclitaxel for another 2 weeks. Nerve conduction velocity and amplitude measurements demonstrated that eribulin did not significantly worsen the existing nerve function; however, the second treatment with paclitaxel did exacerbate the preexisting neuropathy. Nevertheless, both eribulin and paclitaxel treatments caused an increase in the number of degenerated axons in the sciatic nerve as compared with preexisting neuropathy, suggesting that both drugs caused some degree of damage.
It has been noted that the peripheral neuropathy induced by MTAs initially affects the longest nerves of the body, those innervating the feet and hands (25) . The susceptibility of these long neurons to MTAs suggests disruption of essential microtubule-dependent transport. The effects of eribulin and other MTAs on microtubule-dependent trafficking, anterograde and retrograde transport in squid axoplasm were evaluated (26) . Ixabepilone and vincristine both caused a 27% decrease in anterograde trafficking and an approximately 20% decrease in retrograde trafficking at 1 mmol/L. In contrast, eribulin and paclitaxel caused less than a 20% decrease in anterograde trafficking at concentrations of up to 10 mmol/L, with no significant difference in retrograde transport. Importantly, there were no gross changes in axoplasm microtubule structures under any of these conditions. Consistent with the axoplasm data, experiments with purified biochemical components demonstrated a direct inhibition of kinesin function with 10 mmol/L ixabepilone or vincristine, but not with eribulin or paclitaxel. These mechanistic studies, using a variety of models, support the idea that eribulin has distinct effects on peripheral nerves and are consistent with clinical results demonstrating that eribulin has a low frequency of treatment discontinuation due to peripheral neuropathy (1, 27, 28) .
Angiogenesis and vascular effects
Angiogenesis is necessary for tumor growth and metastasis, and is an important drug target. Angiogenesis is complex, involving not only endothelial cells, but also stromal pericytes that support and stabilize endothelial cells (29, 30) .
The effects of eribulin on endothelial cells or pericytes alone or in coculture were compared with the effects of paclitaxel (31) . The proliferation of human umbilical endothelial cells was potently inhibited by both eribulin and paclitaxel, with similar IC 50 values of 0.54 nmol/L and 0.41 nmol/L, respectively. Interestingly, human brain vascular pericytes (HBVP) were less sensitive to both drugs, with IC 50 values of 1.19 nmol/L for eribulin and 2.19 nmol/L for paclitaxel. Gene expression analyses revealed that eribulin and paclitaxel altered similar genes in endothelial cells (59% overlap; most with decreased expression levels), but had distinct profiles in pericytes. In the HBVPs, only 12% of gene expression changes overlapped between eribulin and paclitaxel treatment. Eribulin caused a general decrease in transcription, whereas paclitaxel caused an increase. Of the genes affected by both drugs, 22 were downregulated by eribulin but upregulated by paclitaxel. These data indicate that, compared with endothelial cells, HBVPs respond differently to MTA treatment, and that eribulin and paclitaxel cause divergent effects on pericyte gene expression.
To study the effects of eribulin and paclitaxel on capillaries, endothelial cells and pericytes were cocultured. Resultant capillary networks were insensitive to high concentrations (1 mmol/L) of eribulin or paclitaxel over 2 days, but after 3 days of treatment, eribulin initiated a loss of the capillary networks with an IC 50 of 3.6 nmol/L. These networks remained resistant to paclitaxel until day 5, when the IC 50 for capillary loss was 13 nmol/L. In the absence of pericytes, endothelial cell tubules (formed in a collagen gel) were equally sensitive to inhibition by eribulin or paclitaxel after 4 days, demonstrating the critical role played by pericytes in establishing differential sensitivity between MTAs. These results highlight differences between eribulin and paclitaxel with regard to their overall antiangiogenic and antivascular activities, suggesting that they might affect these processes differently in vivo, and that the basis for such differences may reside in differential sensitivities of pericytes to the two agents.
Effects of eribulin on vascular remodeling
Tumor vasculature is very different from normal vasculature, with tortuous, abnormal vessels that are targets for anticancer therapies. The abnormal tumor vasculature, together with tumor and stromal proliferation, results in a high interstitial tumor pressure, further impeding tumor perfusion and contributing to the hypoxic tumor environment (32) . Tumor hypoxia and the accompanying acidity are implicated in tumor progression, metastasis, and drug resistance. Several microtubule depolymerizing agents cause rapid vascular changes associated with destruction of intratumoral vasculature, leading to a rapid shutdown of tumor perfusion and tumor necrosis (33) (34) (35) .
Considering the antivascular effects observed with some microtubule depolymerizing agents, it was important to evaluate the effects of eribulin on tumor perfusion. Dynamic contrast enhanced MRI (DCE-MRI) experiments in the nude rat MX-1 and MDA-MB-231 human xenograft models of breast cancer showed that 0.3 mg/kg doses of eribulin caused an increase in the tumor perfusion transfer coefficient (K trans ), indicative of increased perfusion in the tumor core. Representative DCE-MRI images of the MX-1 tumors before and after eribulin treatment are shown in Fig. 3 , together with the average K trans measurements of the tumor rim and core (36) . Similar results were obtained in a murine xenograft model, using Hoechst 33342 dye to measure perfusion (31) . These tumors also showed an increase in the number of microvessels after eribulin treatment, consistent with increased perfusion. These data collectively demonstrate that eribulin causes tumor vascular remodeling, leading to increased perfusion. During this vascular remodeling, eribulin decreased the expression of genes associated with angiogenesis. This included genes involved in the VEGF, Wnt, Notch, and ephrin signaling pathways, and in the epithelial-to-mesenchymal transition (EMT), a process known to be driven in part by hypoxia (37) . At the protein level, eribulin decreased the expression of both VEGF and CA9, markers of hypoxia.
An increase in tumor perfusion would be expected to alleviate the hypoxic environment of the tumor. This could improve subsequent systemic chemotherapy, both by reducing hypoxia-driven chemoresistance and by enhancing intratumoral delivery of drugs. This hypothesis was tested using capecitabine with and without eribulin pretreatment. Strikingly, eribulin-pretreated tumors were significantly more sensitive to subsequent capecitabine treatment than non-pretreated tumors, consistent with the hypothesis that improved perfusion due to eribulin treatment could increase the cytotoxic efficacy of a subsequent treatment. Thus, eribulin induces tumor vasculature remodeling, leading to increased perfusion of the tumor, which can result in diminished hypoxia and enhanced antitumor efficacy of subsequent therapies. It is interesting to speculate that such vascular changes, at this time only observed in preclinical models, might contribute to the clinical efficacy and survival advantage observed in the EMBRACE trial.
Epithelial-to-mesenchymal transition
Similar to angiogenesis, EMT is considered a crucial process in tumor progression and metastasis. During EMT, the gene signature and phenotype of epithelial cells change in such a way that they adopt mesenchymal characteristics that have been implicated in increased drug resistance, enhanced invasion and metastasis, and a shift toward stem cell phenotypes (38) . Drugs with the ability to inhibit or to reverse EMT are highly desired. Because of the survival advantage that eribulin demonstrated clinically, it was hypothesized that eribulin may affect EMT. Notably, treatment with 1 nmol/L eribulin for 1 week in three mesenchymal-like triple-negative breast cancer cell lines triggered reversal of EMT in surviving cells as suggested by increased epithelial-like morphology and significant changes in gene profiles and protein marker expression (39) . The surviving cells showed increased mRNA expression of the epithelial markers Ecadherin and keratin 18, as well as decreased expression of multiple mesenchymal markers, including N-cadherin, vimentin, TWIST, and ZEB-1.
Changes in the protein levels of E-cadherin, N-cadherin, and vimentin in surviving eribulin-treated cells mirrored the changes in mRNA levels (39) . Consistent with these effects, fully viable, surviving MX-1 cells showed significantly diminished capacities for in vitro migration and invasion. In addition, eribulin also caused similar EMT reversal in MX-1 tumor xenografts in vivo (39) . Consistent with the direct effects on cells in vitro, eribulin caused a shift of residual tumors to a more epithelial phenotype, with increased E-cadherin and lower tumor expression of N-cadherin and ZEB-1 (Fig. 4) . To evaluate the metastatic propensity of drug-treated cells, MX-1 cells were treated in vitro with vehicle, eribulin, or 5-fluorouracil (5-FU), and equal numbers of surviving cells were injected into the tail veins of mice. Treatment with eribulin, but not with 5-FU, strongly inhibited lung nodule formation 15 days after injection of the cells, and 60% of the mice survived for 80 days following the injection. In contrast, all of the mice injected with vehicle or 5-FU-pretreated cells died within 21 days following injection. Although these results are exciting, further studies are necessary to determine whether this contributes to the survival advantage of eribulin.
Concluding Remarks
Many different assay systems measuring diverse parameters collectively show that eribulin has many characteristics that make it distinct from other MTAs. Although still speculative, the specific biochemical effects of eribulin may underlie its unique effects on peripheral nerves, angiogenesis, vascular remodeling, and EMT. Studies continue to demonstrate that, although different MTAs have many shared mechanisms of action, they also clearly have nonoverlapping effects. Recent evidence from several researchers has highlighted the importance of microtubules in normal interphase events, suggesting that the clinical distinctions between MTAs could be due, at least in part, to their differential effects on interphase microtubules (40) . In addition, there is evidence that eribulin has profound effects on the tumor microenvironment that differ from those of paclitaxel and possibly other MTAs. These mechanistic studies have the potential to improve and guide the use of MTAs in specific tumor types and in mechanistically driven drug combinations. It is likely that ongoing research into these features of MTAs will reveal many of the underlying reasons for the efficacy of these agents in cancer therapy, and show how they can best be used to improve patient survival.
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